The membrane components of rabbit bone-marrow-bound erythroid cells were characterized and compared with those of circulating rabbit erythroid cells. By the criteria of sodium dodecyl sulphate/polyacrylamide-gel electrophoresis, radioiodination with lactoperoxidase and binding of radioiodinated lectins, the two circulating forms of erythroid cells (the reticulocyte and erythrocyte) have the same surface components. In contrast, bone-marrow-bound nucleated erythroid cells have a unique set of membrane surface components which are completely different from those found on circulating cells. Of the ten Coomassie-Blue-staining proteins present in nucleated erythroid-cell plasmamembrane preparations, eight are accessible at the extracellular surface, and all of these are lectin-binding glycoproteins. Bone-marrow erythroid cells separated according to age by velocity sedimentation were also studied. The changeover in surface components occurs after the last nucleated stage of the erythroid cells (the orthochromatic normoblast). We discuss the alterations in membrane surface components observed during the differentiation of the erythroid-cell series in relation to the transition from bonemarrow-bound to circulating forms of these cells. We suggest that the change in membrane surface components may be linked to the loss of the nucleus from the normoblast and the entry of the erythroid cell into the circulation.
Although the structure and functions of membrane glycoproteins and cell-surface carbohydrates have long been the subjects of intensive study (Oseroff et al., 1973) , little is known of their role in cellular processes. The maturation of bone-marrow erythroid cells to produce free circulating erythrocytes provides an opportunity for studying changes in cell surfaces which may be directly linked to, or involved in, the control of well-described changes in cellular function. The terminal cell in the erythroid-maturation process, the erythrocyte, provides a well-known model membrane (Steck, 1974; Singer, 1974) , and much is now known about the membrane proteins, carbohydrate and surface properties of this cell.
A particularly crucial stage in the differentiation of the erythroid-cell series is the change from a marrow-bound 'tissue-like' cell to a freely circulating form. Some of the changes to be expected during this event probably involve alterations in the surface properties and therefore in the membrane components of the cell.
In animals recovering from phenylhydrazineinduced anaemia the bone marrow can contain up to 95 % of haemoglobin-synthesizing cells at various stages of differentiation (Denton & Arnstein, 1973) . These stages are designated pronormoblast, basophilic normoblast, polychromatic normoblast, orthochromatic normoblast ,nd rTeticulocyte in order of VQl. 164 increasing maturity (Wintrobe, 1967) . All these cells are found in the bone marrow. Although the reticulocyte occurs at 0.1-1.0 % in normal individuals, during phenylhydrazine-induced reticulocytosis the blood can contain up to 90% reticulocytes, with a correspondingly low erythrocyte count. In the present study we have characterized the membrane components of rabbit erythroid cells and show that circulating erythroid cells and marrowbound nucleated erythroid cells have unique and mutually exclusive groups of surface-membrane components.
Materials and Methods
1251 was obtained as carrier-free Na125I from The Radiochemical Centre, Amersham, Bucks., U.K. Glucose oxidase was obtained from Sigma (London) Chemical Co., London S.W.6, U.K., and Ficoll from Pharmacia (G.B.) Ltd., London W.5, U.K. Phosphate-buffered saline was prepared as described by Denton & Arnstein (1973) ,
Preparation of cells
Normal healthy adult New Zealand White rabbits were bled from the lateral ear vein and the blood was collected into acid/citrate/dextrose as an anticoagulant (Dacie & Lewis, 1975) . The erythrocytes were washed four times in iso-osmotic 0.15 M-NaCI before labelling with lactoperoxidase or the preparation of 'ghosts'. Reticulocytes were prepared by subcutaneous injection of 6mg of phenylhydrazine hydrochloride in iso-osmotic NaCI/kg body wt. for 5 consecutive days. On the sixth day, blood was collected into acid/citrate/dextrose and the cells were washed four times in iso-osmotic NaCl. Reticulocytes were estimated by supravital staining (Dacie & Lewis, 1975) , and as a routine were found to be 0.1 % in normal blood and 75-95% in blood from phenylhydrazine-treated animals.
Preparation of rabbit marrow cells
Adult New Zealand White rabbits were made anaemic with phenylhydrazine as described above. The animals were left for 2 days to produce an optimal reticulocytosis, and then killed by exsanguination. The marrow was removed from the long leg bones with a spatula and was suspended by forcing through butter-muslin into phosphate-buffered saline solution. The fat and most of the non-erythroid cells were removed by filtration through packed fibrous cottonwool in phosphate-buffered saline (Diepenhorst et al., 1972) . The erythroid-cell suspension was then washed twice in phosphate-buffered saline by centrifugation at the bench. Cells were resuspended in phosphate-buffered saline by means of a siliconecoated Pasteur pipette.
Lactoperoxidase labelling of whole cells
Erythrocytes and reticulocytes were labelled with lactoperoxidase as previously described by Boxer et al. (1974) ; 2 x 108 bone-marrow erythroid cells were suspended in 50pl of 310mosM-sodium phosphate buffer, pH7.4, 50,u1 of lactoperoxidase (10mg/ml), 20p1 of 60mM-glucose, 5,ul of butylated hydroxytoluene (0.005 %, w/v), 1 ,l of 0.3 mM-KI and 0.5 mCi of Nal'25I. 
Identification of cells
After the fractions separated by velocity sedimentation were pooled, a known number of bone-marrow cells from each fraction were smeared on a slide, fixed with methanol, stained with May-Grunwald's stain and counter-stained with Giemsa's stain (Dacie & Lewis, 1975) . Cells were identified by the size and density of the staining and counts were made of the relative number of each type of bone-marrow erythroid cell. Whole bone marrow generally contained approx. 5-10% eosinophils, whereas only the fastest-moving fraction separated by velocity sedimentation contained significant numbers of these cells (10-20%).
Preparation ofplasma membranes
Erythrocyte 'ghosts' were prepared by the method of Dodge et al. (1963) . Reticulocyte 'ghosts' were prepared as partially purified 'ghosts' by the method of Lodish & Small (1975 Distance along gel (cm) Fig. 1 . SDS/polyacrylamide-gel electrophoresis of rabbit erythrocyte, reticulocyte and bone-marrow erythroid-cell plasma membranes Scans at 550nm of plasma membranes prepared as described in the text. Electrophoresis was done on SDS/ polyacrylamide gels containing 8% (w/v) acrylamide and stained for protein with Coomassie Blue. (a) Erythrocyte 'ghosts'; (b) reticulocyte 'ghosts'; (c) partially purified plasma membranes from unfractionated bone-marrow erythroid cells. Abbreviation: Hb, haemoglobin.
The creamy fluffy plasma-membrane pellet was carefully removed with a silicone-coated Pasteur pipette, but the hard 'button' was discarded. This centrifugation step was repeated twice, any hard 'button' obtained being discarded, but the fluffy superficial plasma-membrane layer being retained. Vol. 164
The partially purified plasma membranes were then solubilized in 2vol. of 5% (w/v) SDS/5mM-EDTA/ SDS/polyacrylamide-gel electrophoresis Gel electrophoresis was done as described by Fairbanks et al. (1971) (Boxer et al., 1974) . For lectin-binding studies on membrane glycoproteins, longitudinal gel slices were used. Lectins were prepared, radiolabelled and incubated with gel slices as described by Tanner & Anstee (1976) . After incubation the gel slices were stained for protein, dried and radioautographed to detect the lectin-binding bands.
Results
Proteins and glycoproteins of the membranes of circulating rabbit reticulocytes and erythrocytes
The mature rabbit erythrocyte membrane contained seven major proteins which could be detected by Coomassie Blue staining after SDS/polyacrylamide-gel electrophoresis (Fig. la) . These had molecular weights of 250000, 90000, 75000, 39000, 33000, 28000 and 23000, and were comparable with the proteins of the human erythrocyte membrane (Steck, 1974) . The similarities between the two membranes were considerable, and we adopted the numbering system of Steck (1974) to describe the proteins of the rabbit erythrocyte membrane.
The rabbit reticulocyte membrane contained the same proteins as that of the erythrocyte, but in addition there were two reticulocyte-specific proteins, with molecular weights of 54000 (RI) and 44000 (R2) (Fig. lb) . Gels of membrane proteins from both reticulocytes and erythrocytes showed that neither cell type contained any strongly periodic acid/Schiffstaining proteins, but very faint bands with molecular weights of 90000, 75 000 and 18 000 were observed on grossly overloaded gels when this stain was used. Although band 4 of the erythrocyte nearly always migrated as a single band, two bands of closely similar mobility were found in the region of band 4 of the reticulocyte (4 and 4A), the slower-moving of which co-migrated with erythrocyte band 4. Some preparations of erythrocyte membranes contained band 4A.
Intact rabbit reticulocytes and erythrocytes were radioiodinated by the lactoperoxidase method to compare the proteins available at the extracellular surface. In both cell types only one major protein, 
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Distance along gel (cm) Fig. 3 . Binding of radioiodinated lectins to membrane components of rabbit erythrocytes, reticulocytes and bone-marrow erythroid cells
The components of plasma membranes of rabbit erythrocytes, reticulocytes and bone-marrow erythroid cells, prepared as described in the text, were separated by SDS/polyacrylamide-gel electrophoresis on gels containing 80/ (w/v) acrylamide. Centre slices from the gels were incubated with radioiodinated lectins as described by Tanner & Anstee (1976) . Scans at 550nm are presented of radioautographs of dried gel slices after incubation with: (a) 0.16mg of concanavalin A (containing 7 x 106c.p.m. of 125I); (b) 0.25mg of the lectin from Phaseolus vulgaris (containing 2.5 x 106c.p.m. of 1251); (c) 0.5 ml of the labelled lectin from Maclura aurantiaca (containing 7 x 104c.p.m. of l25l/ml), which had an agglutinin titre of 1:8; (d) 0.5 ml of wheat-germ agglutinin (containing 5 x 106c.p.m. of '251/ml), which had a haemagglutination titre of 1: 256. In each case (i) represents erythrocyte 'ghosts', (ii) represents reticulocyte 'ghosts' and (iii) represents partially purified plasma membranes from unfractionated bone-marrow erythroid cells. In control experiments with concanavalin A and the lectin from M. aurantiaca, gel slices were incubated with the radioiodinated lectin and the appropriate monosaccharide inhibitor (Tanner & Anstee, 1976 proteins as previously described (Boxer et al., 1974) . Both rabbit reticulocyte and rabbit erythrocyte polypeptide 3 gave the same six major and six minor labelled peptides. These results suggested that there was no difference in the accessibility of polypeptide 3 to lactoperoxidase labelling at the outer surface of the rabbit reticulocyte and erythrocyte. It is noteworthy that four of the labelled peptides in rabbit polypeptide 3 had a similar mobility on peptide 'maps' to the major labelled peptides found in the human protein by Boxer et al. (1974) . When intact rabbit reticulocytes and erythrocytes were treated with thermolysin, polypeptide 3 was cleaved in both cases to yield the same membranebound fragment of mol.wt. 60000 (3f; Fig. 2c ). However, polypeptide 3 was relatively resistant to trypsin cleavage under similar conditions, although a very small amount of membrane-bound peptide of the same molecular weight as that obtained from thermolysin treatment was found in this case (Fig. 2b) .
The binding of lectins to the membrane glycoproteins of rabbit reticulocytes and erythrocytes was also studied. Radiolabelled concanavalin A and the lectin from Phaseolus vulgaris bind to the same glycoproteins in both rabbit reticulocyte and erythrocyte membranes, as shown by separation by SDS/ polyacrylamide-gel electrophoresis (Figs. 3a and 3b ). These proteins had molecular weights of 90000, 43000, 34000 and 24000 (co-migrating with bands 3, GI, G2 and G3 The surface proteins of intact unfractionated erythroid cells from bone marrow containing 15 % non-nucleated cells (from anaemic rabbits) were radioiodinated by the lactoperoxidase method. The pattern of labelling of proteins in the plasma membranes prepared from these cells is shown in Fig.  4(b) . Proteins A, G and H were strongly labelled, and less label was found in proteins B, C, D and E. A small amount of labelling was observed in the position expected for polypeptide 3 (the major component of the membrane of non-nucleated erythroid cells). When intact erythroid cells from normal rabbit bone marrow (containing 30 % non-nucleated cells) were similarly radioiodinated, a higher proportion of Table 2 . Molecular weights oftheproteins ofrabbit erythroid-cellplasma membranes Subunit molecular weights were determined by SDS/polyacrylamide-gel electrophoresis on gels containing 8% acrylamide. Molecular-weight standard proteins were ovotransferrin (77000), bovine serum albumin (67000), glutamate dehydrogenase (56000), lactate dehydrogenase (36000), penicillinase (28500), haemoglobin (16000) and cytochrome c (13 000). The percentage of total stain taken up by each protein was estimated from the areas under each peak of scans at 550nm of the polyacrylamide gels.
Erythrocytes Distance along gel (cm) Fig. 4 . Polyacrylamide-gel electrophoresis of partially purified plasma membranes from lactoperoxidase-labelled mixed bone-marrow erythroid cells Scans at 550nm of radioautographs obtained from the plasma membranes of labelled mixed bone-marrow erythroid cells. Plasma-membrane proteins were separated by electrophoresis on SDS/polyacrylamide gels containing 8% (w/v) acrylamide. (a) Mixed bone-marrow erythroid cells containing 30% non-nucleated cells from a normal rabbit; (b) mixed bone-marrow erythroid cells containing 15% non-nucleated cells from an anaemic rabbit. labelled polypeptide 3 was observed in the plasma membranes (Fig. 4a) . Thus the small amount of polypeptide 3 observed in the bone-marrowerythroidcell plasma-membrane preparations was probably derived from non-nucleated cells in the bone marrow. It is not clear whether these were bone-marrow-bound reticulocytes or circulating cells, which always unavoidably contaminated bone-marrow samples. Interestingly, none of the other labelled bands in these plasma-membrane preparations corresponded to the membrane components of reticulocytes or erythrocytes which could be labelled with lactoperoxidase (Fig. 2a) .
The binding of concanavalin A, wheat-germ agglutinin and the lectins from P. vulgaris and M. aurantiaca to bone-marrow erythroid-cell plasmamembrane components is shown in Fig. 3 . Each lectin gave a distinct spectrum of binding, and Table 3 summarizes these results. Bands A, G and H bound all these lectins. All of the protein components of bone-marrow erythroid-cell plasma membranes, except bands F and I, bound lectins and could be labelled with lactoperoxidase in the intact cell. cells which were present in the bone marrow to establish the point at which this changeover of surface components occurs. Denton & Arnstein (1973) have shown that rabbit bone-marrow erythroid cells may be separated according to their developmental age by velocity sedimentation at lg. We have used this method with the apparatus described by Miller & Phillips (1969) . Typical results obtained bythis separation method are shown in Figs. 5 and 7. Because of differences in the initial distribution of erythroid cell types in individual bone-marrow samples, the sedimentation profile showed some variation in each case; however, the results of four separations, given in Table 4 , showed that the cells were reproducibly separated according to their age.
Since only very small amounts of cells could be dealt with by this method, two approaches were used to investigate the surface-membrane proteins of these cells. In the first approach the surface components of marrow erythroid cells from an anaemic rabbit were radioiodinated by the lactoperoxidase method and then separated into age groups (Fig. 5) . Fractions were pooled, and, after a lysis step, the membrane proteins were separated by SDS/polyacrylamide-gel electrophoresis. Fig. 5 also shows the distribution of cell types in the fractions. Densitometric scans of the radioautographs of the radioiodinated components present in each cell fraction are shown in Fig. 6 . Traces of labelled polypeptide 3 were found in all fractions, in amounts which seemed to correlate with the number of non-nucleated cells in each fraction. A second similar experiment (results not shown) gave results which supported this conclusion.
In the second approach, bone-marrow erythroid cells from an anaemic rabbit were separated by Vol. 164 velocity sedimentation. The cell sedimentation profile shown in Fig. 7 was obtained, fractions were pooled in the manner indicated and the slowest-moving debris-rich fraction was discarded. Fig. 7 also Vol. 164 shows the distribution of cell types in each fraction. The binding of concanavalin A, the lectin from P. vulgaris, wheat-germ agglutinin and the lectin from M. aurantiaca to the components of the membranerich pellet obtained after lysis of each fraction was studied. Each cell fraction gave the same pattern of lectin-binding components, and these were similar to those obtained from plasma membranes of unfractionated bone-marrow erythroid cells (Fig. 3) . No binding of concanavalin A or the lectin from P. vulgaris was observed in a position equivalent to band 3 in any of the fractions.
Discussion
Our results obtained by using SDS/polyacrylamide-gel electrophoresis and lactoperoxidase labelling show that both rabbit reticulocytes and erythrocytes contain one major component accessible at the external surface, polypeptide 3. These results confirm those of Lodish & Small (1975) . No differences between reticulocyte and erythrocyte polypeptide 3 could be detected and the rabbit protein appeared similar in many ways to the corresponding protein of the human erythrocyte membrane. The behaviour, on proteolysis, of polypeptide 3 was also shown to be strikingly similar to that of the equivalent human erythrocyte-membrane protein. However, the remaining surface components of rabbit erythrocytes differed from those of the human erythrocyte. The erythrocytes of the variety of rabbit that we studied lacked the major membrane sialoglycoprotein and the other periodic acid/Schiff-staining glycoproteins found in the human erythrocyte (Steck, 1974) and erythrocytes of many other species (Carraway, 1975 ). This conclusion was confirmed by our studies of the lectin receptors and the lactoperoxidase-labelling characteristics of rabbit erythrocyte-membrane proteins. These experiments did show, however, that a number of other minor glycoproteins exist in the rabbit erythrocyte cell membrane, and these may replace the periodate/Schiff-staining components found in the erythrocytes of other species.
We have used a crude plasma-membrane preparation to study the surface components of unfractionated rabbit bone-marrow erythroid cells. The proteins in this preparation (except bands F and I) could be labelled with 125I by the lactoperoxidase method in intact cells, and were shown to bind lectins. Both of these results, as well as those obtained by using plasma-membrane markers (Table 1) , are consistent with our conclusion that the proteins in this preparation were derived from the plasma membranes of these cells. Further support comes from our experiments with cells separated by velocity sedimentation, in which the membrane-containing fraction was prepared by a simple lysis step. The electrophoretic mobility of the proteins radioiodinated by lacto-peroxidase and their lectin-binding properties were the same as those of the more highly purified plasmamembrane preparations from unfractionated bonemarrow cells.
The set of proteins found in bone-marrow erythroid-cell plasma membranes is distinctly different from that found in the membrane of the circulating erythroid cell. Fehlmann et al. (1975) reported no difference in the Coomassie Bluestaining pattern of membrane proteins from rabbit erythrocytes, reticulocytes and bone-marrow erythroid cells separated by SDS/polyacrylamide-gel electrophoresis. However, the gel pattern that they obtained from the rabbit erythrocyte membrane bears little or no resemblance to the well-known characteristic separation pattern for rabbit erythrocyte membranes obtained by us and other workers (Lodish & Small, 1975; Koch et al., 1975) .
Although no bands were obtained from polyacrylamide gels of bone-marrow erythroid-cell plasma-membrane proteins when stained by the periodic acid/ Schiff method, the results of the lectin-binding experiments clearly indicated that eight of the ten protein-staining bands in the plasmamembrane preparations are glycoproteins. Since plasma-membrane carbohydrates are generally located at the extracellular surface, these results suggested that all ofthese glycoproteins are exposed at the outer surface of the cells, confirming the results of the lactoperoxidase labelling of intact bonemarrow erythroid cells. It is perhaps surprising that only bands F and I are not exposed to the external milieu of the cell.
The absence of polypeptide 3, the major erythrocyte-membrane protein, from the protein-stained polyacrylamide gels of plasma membranes derived from unfractionated rabbit bone-marrow erythroid cells, and the results of examination of the surface components of the cells by using lactoperoxidase labelling, suggested that this protein may be absent from or present in only small quantities in the plasma membranes of nucleated erythroid cells. The difference in membrane components between nucleated and non-nucleated rabbit erythroid cells suggests that the maturation of the erythroid cell involves a complete change in the membrane proteins and glycoproteins by the time the circulating stage of the cell is reached. Although we have not been able to separate erythroid cells into homogeneous populations by the velocity-sedimentation method, fractions substantially enriched in the cell types of interest were always obtained, allowing us to correlate changes in membrane components with the appearance of cell types in the fractions. Polypeptide 3 is involved in the transport of anions across the erythrocyte membrane (Cabantchik & Rothstein, 1974) . Since bone-marrow-bound nucleated erythroid cells are unlikely to need to equilibrate anions at a rate as fast as erythrocytes, the absence of polypeptide 3 from bone-marrow-bound cells is not altogether surprising.
When bone-marrow erythroid cells which had been previously radioiodinated were separated into age groups, it was observed that each fraction contained an amount of labelled polypeptide 3 which seemed to correspond to the number ofnon-nucleated cells in that fraction. This further supports the conclusion that nucleated bone-marrow erythroid cells contain little or no plasma-membrane polypeptide 3. The pattern of lectin binding for similar fractions obtained in a second experiment confirmed this result. The data in Fig. 6 In the human, four groups of reticulocytes (I-IV) have been histochemically defined on the basis of the amount of reticulum found within them (Wickramasinghe, 1975 adult the most immature stages (I and II) are predominantly found in the bone marrow, and the least reticulated stages (III and IV) are mainly found in the circulation. However, in anaemic individuals responding to treatment, type I and II reticulocytes are released into the circulation during the first high reticulocyte response and decrease in number in the circulation as the anaemia is checked (Wintrobe, 1967) . Similarly, we have observed significant numbers of stage-I and -II reticulocytes in the blood of anaemic rabbits (typically 16% and 20% respectively of the total reticulocyte count). Correspondingly fewer reticulocytes are found in the bone marrow of anaemic rabbits than in the normal bone marrow (Denton & Arnstein, 1973) . Thus the appearance of the most immature form of reticulocyte in the circulation suggests that, under these conditions, release from the bone marrow occurs almost concurrently with the loss of the nucleus from the orthochromatic normoblast. Tavassoli & Crosby (1973) have previously suggested that this may indeed be the case. It seems likely that the biochemical restraints acting on the orthochromatic normoblast to prevent its escape from the bone marrow, i.e. the presence of tissue-bound surface components, are rapidly lost during the enucleation process. Fig. 8 summarizes the changes in the surface components of the erythroid-cell series and relates these changes to the histochemically defined stages of erythropoeises.
The Polypeptide 3 is the major carrier of protein-bound carbohydrate in the rabbit erythrocyte. Since none of the surface components of the rabbit erythrocyte is found in nucleated rabbit bone-marrow cells, we can conclude that the carbohydrates bound to polypeptide 3 and the other surface glycoproteins of the mature rabbit erythrocyte play no part in the cell-differentiation processes which lead to the orthochromatic normoblast. This carbohydrate may have roles in the dissociation of the reticulocyte from the bone marrow, the circulating phase of the erythrocyte and the turnover of senescent erythrocytes. It seems reasonable to draw a similar conclusion withregard to the protein-bound carbohydrate of the human erythrocyte. Although the human erythrocyte contains three glycoproteins which are not found in the rabbit erythrocyte, individuals with erythrocytes which lack the major sialoglycoprotein have an apparently normal haematology (Tanner & Anstee, 1976; Anstee et al., 1977) .
After the extrusion of the nucleus from the orthochromatic normoblast outside the sinusoids of the bone marrow, the newly formed reticulocytes usually pass through gaps in the walls of the sinusoids by diapedesis (Weiss, 1965) . Although the morphology of this process is well characterized, the biochemical changes involved are less well understood. Our results suggest that cell-surface components are important in the change in cellular interactions which occurs during this process.
